Objective: The purpose of this study was to determine how the slice thickness reconstruction influences quantitative perfusion CT parameters. Materials and Methods: Eighteen patients with cancer (15 non-small-cell lung cancer, 2 rectal cancer and 1 renal cancer) were examined prospectively with multidetector row CT. A 90-second perfusion study was performed after intravenous bolus injection of contrast material. Blood flow, blood volume, mean transit time and permeability-surface area product were determined at three different slice thickness reconstruction (1.25, 2.5 and 5 mms) both in tumors and in paraspinal muscle. Mean values, limits of agreement between measurements and within-subject coefficient of correlation were obtained for these thicknesses. Results: Mean ± standard deviation BF, BV, MTT and PS in lesions were 118.7 ± 117.9 mL/min/100g tissue, 8.2 ± 8.2 mL/100g tissue, 7.5 ± 5.4 seconds and 10.3 ± 7.2 mL/min/100g tissue respectively at 1.25 mm slice thickness; 116.1 ± 115.7 mL/min/100g tissue, 7.8 ± 8.7 mL/100g tissue, 7 ± 4.5 seconds and 10.4 ± 7.5 mL/min/100g tissue at 2.5 mms; and 119.6 ± 115.7 mL/min/100g tissue, 7.8 ± 8.8 mL/100g tissue, 5.4 ± 3.4 seconds and 9.6 ± 7.5 mL/min/100g tissue at 5 mms. Differences between means for different slice thickness where relatively small in all parameters (<15%) except in MTT where difference was up to 37%. 95% limits of agreement were worse when comparing more different slice thicknesses (e.g. 1.25 vs 5 mms) than when comparing more close slice thicknesses (1.25 vs 2.5 mms or 2.5 vs 5 mms). Conclusions: There is a significant variability in perfusion parameter measurements at different slice thickness reconstruction, particularly in MTT. The more close together the slice thicknesses were, the smaller was the variability.
Introduction
Computed tomography has become the main diagnostic tool in staging and monitoring the response to therapy of many tumours due to its relative low cost and wide availability. Perfusion CT is a rapidly developing technique that allows functional evaluation of tissue vascularity [1] . It was developed 30 years ago, primarily for quantification of cerebral blood perfusion in patients with acute stroke [2] , but the recent availability of MDCT scanners with a higher number of detector rows that allow greater anatomic coverage and higher temporal resolution, has rediscovered the technique as a promising noninvasive tool for evaluation of the microcirculatory changes associated with several neoplasms. The increasing interest in oncologic applications of perfusion CT has been fueled by the widely recognized limitations of morphologic assessment of treatment response. These limitations are particularly evident with novel antiangiogenic agents, that are tipically not citotoxic but instead produce disease stabilization [3] .
Perfusion CT has been validated against histologic markers of angiogenesis in a variety of cancers [4] and can be considered a surrogated imaging biomarker for tumor angiogenesis. Reported clinical uses of perfusion CT include differentiation between benign and malignant lesions, tumor characterization, prognostic biomarker and monitoring therapy.
In most publishes studies on perfusion CT, authors almost universally recommend slice thickness reconstructions of not less than 5 mm in their protocols, which reportedly guarantees a correct balance between the requirements for spatial resolution and the signal-to-noise ratio [5] . But there are several clinical settings were slice thickness reconstructions of less than 5 mms may be needed, such as when non-axial multiplanar reconstructions are to be performed or when small anatomic structures like adenopathies need to be studied. The primary aim of this study was to evaluate the effect of slice thickness reconstruction on quantitative vascular parameters in perfusion CT scan.
Materials and Methods

Patients and Target Lesions
Our study group include 18 oncological patients with solid lesions that underwent perfusion CT as part of a research project on multiparametric CT evaluation of thoracic and abdominal tumors, conducted by two of us (A. M-de-A, R.G-F.) at the Hospital Clínico Universitario of Santiago de Compostela, Spain. One patient was excluded because of movement during the CT adquisition. Target lesions were required to be contrast enhanced solid masses larger than 2 cms in the longest diameter.
This study was performed with the approval of the local Medical Ethics Committee. The patients were informed of the investigational nature of the study and written informed consent was obtained from all of them.
Computed Tomographic Perfusion Technique
Perfusion examinations were performed using a 64-row spiral CT unit (LightSpeed VCT; General Electric Medical Systems, Milwakee, USA).
A preliminary low dose 5-mm-thick CT scan without contrast agent was performed to obtain a panoramic view of the anatomical region of study (thorax in lung cancer patients, abdomen in cases of renal cancer and pelvis in rectal cancer). A variable scanning volume was selected for the dynamic CT, depending on the size of the tumor to be studied. The anatomic coverage ranged from 40 mms (single-section data acquisition) in 7 patients, to up to 110 mms (table-togging) in 10 patients.
Dynamic study was performed with low dose (80 kv, 120 mAs) and rotation time 0.4 sec. The contrast agent was injected via a 18-to-20 cannula in the antecubital vein with a power injector (Medrad, Pittsburg, USA). Scanning was initiated 5 s after the intravenous rapid infusion (injection rate of 5 ml/s) of 50 ml of non-ionic io-dinated contrast material (Optiray 300 mg/dl. Mallinckrodt Medical Imaging), followed by 40 ml of saline at 3 ml/sec. The dynamic CT data were acquired every 1 second for 35 seconds, during breath holding at the end of inhalation; and then, an additional five series of data were obtaining with breath holding at the end of inhalation-at 40, 50, 60 and 90 seconds. By applying an iterative image reconstruction algorithm, relative low radiation doses can be administered mantaining a good signal-to-noise ratio.
After finishing the acquisition of data, images were reconstructed at 1.2 mm, 2.5 mm and 5 mm slice thickness with a soft reconstruction kernel (Standard Recon type), thus generating 3 separate sets of dynamic contrast enhanced images which could then be loaded into the workstation.
Image Data Analysis
The images and data obtained were anonymized and transferred to an image-processing workstation (Advanced Windows 4.6; General Electric Company) where was analyzed by a thoracic radiologist with 2 years of experience in perfusion CT. Commercially available software (CT perfusion 4D; General Electric Company) was used for perfusion CT analysis. A region of interest (ROI) was placed in the aorta for calculation of the arterial input. The software use a deconvolution model for automated quantification of tissue perfusion, generating parametric maps of blood flow (BF), blood volume (BV), mean transit time (MTT) of the contrast medium and permeability surface-area product (PS), wich measures contrast medium extravasation into the extravascular space. In every parametric map, two circular ROIs were placed (area range, 30 to 78 mm 2 )-one on the center of the lesion studied and other on the paravertebral musculature region-obtaining for each ROI area the values of BF (in millimeters per 100 mg per minute), BV (in millimeters per 100 mg), MTT (in seconds) and PS (in millimeters per 100 mg per minute). The two ROIs drawn in every parametric map were copied with identical size and position to the three different slice thickness: 1.2, 2.5 and 5 mm, obtaining a set of 6 different values for each parameter and patient (3 for the lesion and 3 for the muscle, that is used as an internal reference control).
Statistical Analysis
A descriptive analysis of BF, BV, MTT, and PS parameters was firstly performed. For each slice thickness (1.25, 2.5 and 5 mm), and for lesion and muscle separately, results are presented as the mean and standard deviation.
A Bland and Altman analysis [6] was then performed to obtain the limits of agreement (LoA) between measurements obtained at different slice thickness. For this purpose, the analyses were done separately in lesion and muscle, and the following comparisons were carried out for each parameter: 1.25 mm versus 2.5 mm, 1.25 mm versus 5.0 mm; and, 2.5 mm versus 5.0 mm. In none of the analyses performed, the results showed that differences between paired measurements significantly increased with increasing values of the parameter. Acordingly, no transformation was applied to the data.
Finally, we also assesed the reproducibility of measurements obtained at different slice thickness with the within-subject coefficient of correlation, jointly with the corresponding 95% confidence interval [7] . To this aim, a random effect model was fitted for each parameter, for muscle and lesion separately, and for each pair of slice thickness. Again, no data transformation was applied.
All analyses were conducted by using R software [8] . Bland-Altman analysis was performed by using the MethComp package [9] , and random effect models were fitted using the nlme package [10] .
Results
In total, 18 patients had evaluable imaging data. The mean age was 63 years (range 23 -92 years). The primary tumors were 15 non small cell lung cancer, 2 rectal carcinoma and 1 renal carcinoma. There were 13 men (mean age 59 years) and 5 women (mean age 75 years). Table 1 summarizes the mean and standard deviation of the three sets of measurements corresponding to different slice thickness in tumor and muscle. The mean values obtained in the paraspinous muscles were significantly lower when compared with the tumor tissue for all perfusion parameters, except for the MTT where the values were higher in muscles than in tumor.
The mean CT perfusion values were affected by the thickness of the slices. Differences between means for different slice thickness were relatively small in all parameters (under 15%) except in MTT, were means varied from 7.5 secs at 1.25 mms to 5.45 secs at 5 mms in tumours (a difference of up to 37%), and from 11.2 secs at 2.5 mms and 8.4 secs at 5 mms in muscle (a difference of up to 34%). Parameters for different perfusion parameters of lesion and muscle are presented in Figure 1 . Table 2 summarizes the mean differences and 95% limits of agreement between the sets of measurements obtained at different slice thickness. The data suggest agreement in tumor tissue was worse when comparing 1.25 mms versus 5 mms than when comparing 1.25 vs 2.5 mms or 2.5 vs 5 mms: in other words, the more different the slice thickness are, the worse is the agreement between the values registered in the same ROI. Regarding to muscle values, limits of agreement between different thickness were in general smaller than in lesions, and seemed not to be related with the degree of separation between the slice thicknesses. Overall, tumor blood volume and permeability surface are the least variable parameters, both in lesions and in muscle. Table 3 shows that the coefficient of variation within-subject for lesions was higher when comparing perfusion values at separate thicknesess like 1.25 vs 5 mms (28.1% for BF, 28.9% for BV, 60.6% for MTT and 31.5% for PS), than when comparing more close thicknesess like 1.25 vs 2.5 mms or 2.5 vs 5 mms. Overall, the coefficients of variation between different slice thicknesses obtained for MTT were higher than those obtained for the rest of parameters, both in tumors (42% for 2.5 vs 5 mms and 60.6% for 1.25 vs 2.5 mms) and in muscle (46.2% for 2.5 vs 5 mms and 47.1% for 1.25 vs 5 mms).
Discussion
Although helical perfusion CT have been used as a clinical technique for several years, the effect of slice thickness reconstruction on quantitative vascular parameters has not been fully studied. Most of the reported protocols suggest that slice thickness reconstruction of less than 5 mms is not advisable, because the resulting increased spatial resolution is obtained at the expenses of a decreasing in the signal-to-noise ratio. But to our knowledge, there are no studies assessing the variability of perfusion CT measurements obtained at different slice thickness reconstruction and their impact on the clinical use of the technique.
A variety of factors contribute to measurement variability, being generally divided into intrinsic and extrinsic factors. Intrinsic factors include tumor heterogeneity (that may represent up to 25% of noise measurement [11] ), physiologic components like cardiac output, and intrinsic variability of the technique. Extrinsic factors include observer variability and variability related to adquisition parameters, specially slice collimation [12] . Although it is well known that the image noise is dependent mainly on the slice thickness-from the same CT source data, thicker slices are less noisy than thinner reconstructions-our study focuses not on the signal-to-noise ratio of the image but in the variability of permeability measurements due to the slice thickness reconstruction.
Reproducibility studies involving normal brain, colorectal carcinoma, lung carcinoma and carcinoma hepatocellular have shown good correlation for perfusion CT, with a variability of 13% to 30% [1] . In a CT perfusion reproducibility study using two measurement sets obtained 48 hours apart in patients with colorectal cancer, Goh et al. [12] sidered by the authors acceptable for all perfusion parameters and suitable for day to day therapeutic assessment. In our study, the 95% limits of agreement obtained represent the boundaries within which the difference between means of two different thicknesses is expected to lie 95% of the time: the narrower the limits, the lesser the variability. Our results are not very different from Goh's data, showing that the variability related to extrinsic factors like slice thickness reconstruction may be similar to intrinsic measurement variability of the technique. Our data suggest that tumor BV and PS are the least variable parameters.
The absolute values of CT perfusion parameters are also affected by the method of analysis. By addition of the second phase (intermittent cine) to the initial cine adquisition, Ng et al. [13] obtained differences between means of up to 11%, 23%, 21% and 138% for BF, BV, MTT and PS respectively. Comparing several slice thickness reconstructions we found differences less than 15% for all parameters except for MTT, where differences may be as high as 37.7%. Also, measurements obtained with different software may not be directly interchangeable, as proved by Goh et al. [14] . Using two different commercially available CT perfusion software packages, they found a mean difference and 95% limits of agreement of −3.6 mL/100mL (−18.4 to 11.2 mL/100mL) for PS and −3.9 mL/100mL (−10.9 to 3.0 mL/100mL) for BV. Agreement between measurements was worse for BV (coefficient of variation 46.5%) than for PS (coefficient of variation 37.4%), results described by the authors as only "moderated agreement". In our data, the highest coefficients of variation were found in MTT, both in lesions (28.5%, 42% and 60.6%) and in muscle (18.5%, 46.2% and 47.1%).
There were some limitations of our study. First, although we have established that the variability of perfusion parameters at different thickness reconstruction may be similar than the one induced by other factors that contribute to measurement variability, the study does not suggest any explanation for this variability being higher in some parameters (PS and MTT) than in others (BV and BF). On the other hand, the series is limited and further studies on this topic are needed.
